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SYMBOLS 
Einstein coefficient of spontaneous emission, 
velocity of light, cm/s 
RI stabilized I + I* recombination rate coefficient, cm6/s 
RI stabilized I + I recombination rate coefficient, cm6/s 
I2 stabilized I + I* recombination rate coefficient, cm6/s 
I2  stabilized I + I recombination rate coefficient, cm6/s 
atomic iodine density, 
mol ecul ar iodine density, cm'3 
electronically excited atomic iodine density, cm-3 
s-l 
R + I* recombination rate coefficient, cm'/s 
R + I recombination rate coefficient, cm3/s 
R + R recombination rate coefficient, cm3/s 
distance between lazer end mirrors, cm 
a1 kyliodide partial pressure at room temperature, torr 
1 aser output power density, W/cm' 
I* quenching coefficient for RI, cm3/s 
I* quenching coefficient for 12, cm3/s 
combined reflection coefficients of the Brewster window and end 
mirror at each end of the laser tube 
a1 kyl radical density, cmm3 
a1 kyl dimer density, cm- 3 
a1 kyl iodide density, 
maximum photodissociation rate of the ith chemical species, 
time, s 
output mirror transmission coefficient 
s- l  
penet ra t ion  d is tance i n t o  t h e  lasant gas, cm 
st imulated emission rate,  ~ m - ~ s ' l  
r a d i a t i o n  energy quantum f rom the I*, eV 
photodissoc iat ion r a t e  o f  i t h  chemical species a t  a depth z 
o f  penetrat ion 
photon dens i ty  o f  photo s moving i n  the  p o s i t i v e  d i r e c t i o n  
along the  z - axis, cm -9 
cm-1- t o r r  - P 
s t imulated emission cross section, cm 2 
photoabsor t i o n  cross sec t ion  at the  cen t ra l  frequency, 
a x i a l  lasant  speed, cms-l 
z - dis tance f o r  peak i l l umina t ion ,  cm 
width parameter f o r  i l l u m i n a t i o n  curve 
source terms 
i v  
A THEORETICAL STUDY OF PHOTOVOLTAIC CONVERTERS 
BY 
John H. Heinbockel* 
INTRODUCTION 
The research performed dur ing  the  period March 1984 t o  January 1987 i s  
sunmarized i n  t h e  progress repo r t s  g iven i n  t h e  Refs. [l] through [SI. The 
f i n a l  phase of research was performed i n  the model s imulat ion fo r  the  so la r  
s imulator  pumped atomic iod ine  laser .  
laser  operat ion w i th  ax ia l  lasant  f low i s  i l l u s t r a t e d  i n  Fig.  1. The 
chemical k i n e t i c s  fo r  t h i s  laser  are described i n  Refs. [7] and [8]. 
The geometry f o r  t h e  steady s t a t e  
As a f i r s t  approximation t o  the  s imulat ion o f  lasant  f l ow  and operat ion 
we have replaced tne  t ime de r i va t i ves  i n  Ref. [ 7 ]  by the  ma te r ia l  
der iva t ives .  
D t  a t  a t  d t  
and we have assmed t h a t  t he  q u a n t i t y  dz- w represents t h e  constant gas 
d t  
f l ow  r a t e  i n  the  p o s i t i v e  z d i r e c t i o n .  The f i r s t  s i x  o f  t h e  chemical 
k i n e t i c  equations can then be w r i t t e n  as 
axi  ax 
- + + - -  - Fi(x,t), i = 1, 2 ,..., 6 
a t  az 
(2  1 
~~ ~ ~~ 
*Professor, Department of Mathematical Sciences, Old Dominion Un ivers i ty ,  
Norfolk, V i r g i n i a  23508. 
where 2 = col(xl, x2, x3, x4, x5, xs)  i s  a column vector  and 
Here we are using the  no ta t i on  [ ] t o  denote the  concentrat ion ( ~ r n - ~ )  o f  t h e  
chemical reactant .  The synbol R denotes a r a d i c a l  o f  t he  p e r f l o u r a l k y l  
iodides (i-C3F71, n - C F I, o r  C F I). We use the  reac t i on  ra tes  f o r  
n - C F I 
3 7  2 5  
and express the  r i g h t  hand side F i ( i , t )  o f  the  system (2) as: 3 7  
= ~ X X  + ~ X X  - $ l ( ~ ) ~ l - k ~ ~  F1 1 2 5  2 2 6  4 2 1  
2 F3 = k 3 ~ 2  - k x x 4 1 2  
n n 
F6 = $2(Z)X4 + Q1x1X5 + Q2X4X5 + rmax + AX - C X X X 5 1 1 5 6  
2 2 




P = P + + P  
The q u a n t i t y  p w i l l  be discussed i n  the next sect ion.  The k i n e t i c  
c o e f f i c i e n t s  and other  constants are given by: 
kl = 7.9(10)'13 
k2 = 2.3(10)-11 
k3 = 2.6(10)-12 
-16 k4 = 3.0(10) 
-3 3 c1 = 1.0(10) 11 c = 3.0(10) 
-32 Q1 = 2.0(10)'16 c2 = 8.5(10) 
Q, = 1.9(10)-" c3 = 5.6(10)-32 
-30 A = A D = O  c4 = 2.0(10) 
L i g h t  - Flux Density. 
dens i t y  i n  which monochromatic r a d i a t i o n  propagates along t h e  z-axis o f  t he  
laser.  We l e t  p+(z,t) denote the photon dens i t y  propagating i n  the  
p o s i t i v e  z d i r e c t i o n  and def ine p - (z,t) as t h e  photon dens i t y  
propagating i n  the negat ive z d i rec t i on .  The d i f f e r e n t i a l  equation f o r  
t h e  photon dens i t i es  are given by: 
We assume a one-dimensional model f o r  the l i g h t  f l u x  
c a t  a t  2 
(3) 
where c i s  the  speed of l i g h t  i n  the  medium. I n  t h e  above equations t h e  
term a[X*] - 4 1 1  1 
2 
i s  t h e  amp l i f i ca t i on  f a c t o r  f o r  t h e  ac t i ve  medium. 
If R I ,  R2 denote the  r e f l e c t i o n  coe f f i c i en ts  f o r  t h e  faces z = 0 
and z = L, respec t ive ly ,  t h e  above equations are subject  t o  t h e  boundary 
cond i t i ons 
(4) 
I n  the  steady s ta te  case the  so lu t ions  are denoted by p + ( z )  and p - ( z )  
and must s a t i s f y  
p + ( z ) p - ( z )  = Kg = a constant (5 1 
f o r  a l l  values o f  z between 0 and L. This cond i t i on  together  w i t h  t h e  
boundary cond i t ions  requ i res  t h a t  a t  z = 0, we have 
and a t  z = L, we have 
= L p f ( L )  = R2p+(L)= 2 KO P+( L )P- (L) 
R2 





















For f i x e d  values R1, R2  we guess at an i n i t i a l  value f o r  K and 0 
i n teg ra te  the  system o f  steady s ta te  equations obtained from ( 2 )  and ( 3 ) .  
This  gives a ca lcu la ted  value o f  p+(L) 
t h e o r e t i c a l  va lue from ( 7 ) .  If these values are d i f f e r e n t  we i t e r a t e  on 
u n t i l  t he  f i n a l  value of P+(L) agrees with the  t h e o r e t i c a l  value. For 
which we compare w i t n  the  
KO 
t h i s  value o f  
we ob ta in  t h e  l ase r  output power t ransmi t ted a t  t he  m i r r o r  where z = L. 
and w i t h  a transmission c o e f f i c i e n t  g iven by tm = 1 - R2 
This power i s  given by  
!8! 
where E i s  the r a d i a t i o n  energy quantm from I*. v 
The q u a n t i t i e s  J, ( z )  and $,(z) i n  the  equations (2)  are source 1 
terms r e l a t e d  t o  the  photodissoc iat ion rates o f  t h e  chemical species. 
func t ions  are constructed from a func t i on  +(z) 
These 
which i s  assumed t o  be a 
"Gaussian type  curve" w i t h  a maximum value of u n i t y  a t  
i s  i l l u s t r a t e d  i n  Fig. 2 and can be represented i n  the  form 
zOL. Such a curve 
F(z)  = exp(-a(z-zoL) 2 ) 
5 




It i s  requi red t h a t  when z = zoL' - we have F(z) = - (i .e.  one h a l f  o f  
i t s  maximum value). This requi res t h a t  
2 
2 4 
- 1 = exp{a -) 'La 
which gives the value 
2 
La X 
Hence, we can w r i t e  
- zoL ) 2 )  
V 
^La 1 
Further, we modify t h i s  func t i on  by subtract ing a constant value. 
function. 
The 
I n  order  220L* has the  proper ty  t h a t  i s  zero a t  t he  points z = 0 and z = 
t h a t  t he  modif ied func t i on  have the value of u n i t y  a t  z = zoL we d i v i d e  b y  
the appropr iate scale f a c t o r  and obta in  
6 
1 - F(0) 
We use the  values 
x = 3.27 cm and z = 5.7 cm 
La OL 
and w r i t e  
4 2 where C* = 1.929(10) W/cm denotes the  lamp concentrat ion which i s  
adjusted f o r  t he  tube geometry and El, E 2  are photod issoc ia t ion  r a t e s  o f  
t he  1 aser gases . 
A graph o f  maximum power vs pressure i s  obtained from t h e  nuner ica l  
s o l u t i o n  o f  t he  steady-state system o f  equations der ived from (2) and (3) 
and i s  i l l u s t r a t e d  i n  Fig. 3. I n  Fig. 3, t h e  curve w i t h  t h e  c i r c l e s  
represents da ta  from the Ref. [7]. The lower th ree  curves represent the  
numerical s o l u t i o n  f o r  KO = .5(10) 25 , KO = .5(10)26 and Kg =.8(10) 26 . 
The computer program used t o  ca lcu la te  the  data i s  given i n  
Appendix A. 
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PROGRAM LASER( INPUT, OUTPUT, TAPES= INPUT, TAPE6=OUTPUT, TAPE83 
MAIN PROGRAM 
COMMOWBLKYB, B2,  B3, C, AOO, BOO, EPSNV, OMEGA 
COMMOWBLK4/CHSI 10, CHSI 20, ABARO, ZIBAR, LC 
COMMOWBLK?/ABC, COO, CO, OMEG1, P, R1, R2, TM 
COMMOWBLKB/ZOL, XLA 
REAL LC 
WRITE( 6, 1231 
NAMELIST/PARAWP, OMEG1, CON, COO, R1, R2, LC 
CONTINUE 
READ( 5, PARAM] 
IF( EOF( SI ] 600, 601 
WRITE( 6, 6031 
FORMAT(lX128HEND OF FILE ENCOUNTERED-STOP) 
STOP 1313 
FORMAT(1Xl20H START OF PROGRAM 1 
P= PRESSURE, TORR 
OMEGl=FLOW RATE, CWSEC 
CON= PEAK CONCENTRATION 
COO=INITIAL GUESS AT VALUE OF RHO-PLUS AT ZERO -- 
Rl= REFLECTIVITY AT LEFT EM) 
R2= REFLECTIVITY AT RIGHT END 
TM= 'ITflANSMJSSION COEFFICIENT =l-R2 
ZOL=POINT ALONG AXIS WHERE MAXIMUM ILLUMlNATlON CCCURS 
THE POINT 2*ZOL IS WHERE ILLUMINATION CUTS OFF 
THE ILLUMINATION IS BELL SHAPED ABOUT PT ZOL IN 2 DIRECTION 
LC=LENGTH OF CAVITY 
XLA=WIDTH OF BELL SHAPED CURVE DEFINING LIGRT INTENSITY 
WHICH IS SQUARE OF (COO*Rl) 
AT THE POINT OF ONE HALF MAX CONCENTRATION. 
co?n I FTUE 
CMIN= 1.OElB 
CMAX= l.OE30 








WRITE( 6,1991 XLA, ZOL, CON, OMEGA, COO, Rl, R2, P 
FORMAT( lX, TS, 6HXU = , ElS. 7, T30, 6HZOL = , E15.7, T55, 6HCON = , 
1 E15.7,T80, BHOMEGA = I ElS.7,' , 
2 lX, T5, 6HCOO = , ElS. 7, T30, 6H Rl = , FlO. 7, TSS, 6H R2 = , FlO. 7, 
3 T80,4H P = ,ElS.? 1 
SET UP COEFFICIENTS IN DIFFERENTIAL EQUATIONS 
CALL COEFFS 
CHOOSE LC SOME MULTIPLE OF .25 
OUTPUT EVERY .25 STEPS 0 .LE. Z .LE. LC 
INTEGRATE DI FFERDITI AL EQUATI ONS FROM 2= 0 TO Z =  LC 
































IF(Y1. LT. 01 PER=. 1 
IF(Y1. GT. 01 PER=lO. 
CONTINUE 
coo= (PER) *coo 
IF(CO0 .LT. CMIN) STOP 5432 




IF((Yl*Y2] .LT. O I G O  TO 701 
x1 =coo 
Yl=YZ 
GO TO 702 
CONTINUE 




IF(ABS(Y3). LT. 0.001) GO TO 55 
CONTINUE 
IF( (YbY3) .LT. 01 GO TO 705 
X1=X3 
Y1=Y3 
GO TO 701 
CONTINUE 
x 2 = x 3  
Y 2 = Y 3  
GO TO 701 
Y1,Y2 OF OPPOSITE SIGN - USE INTERVAL HALVING TO SOLVE FOR Y 
Y1 8 Y3 ARE OF THE SAME SIGN 
Yl 8 Y3 ARE OF OPPOSITE SIGN 
END 
FUNCTION CHSIl(Z) 
IMPLICIT REAbB(A-H, K, L, 0-21 
COMMOWBLK4/CHSI 10, CHSI 20, ABARO, ZIBAR, LC 
COMMOWBLKWZOL, XLA 
REAL Kl, K2, K3, K4, LC 
IF(Z.LT.ABARO] GO TO 100 
IF(Z.LT.ZlBAR] GO TO 200 
Z GREATER THAN ZIBAR 
CHSIl=O.O 
RETURN 
AA1= ExP( -2. 77A (ZOL/XLA] ** 21 
AA2= ExP( - 2.7 7* ( ( 2-ZOL] /XLA) *A 2) 
F U N Z =  (AAZ-AAl]/( 1. -AAl] 















IMPLICIT REAL*B(A-H, K, L, 0-Z] 
COMMOWBLK4/CRSI 10, CHS120, ABARO, ZIBAR, LC 
COMMOWBLK 8/ZOL, XLA 
REAL Kl, K2, K3, K ~ I  LC 
IF(Z.LT.ABARO1 GO TO 100 
IF(Z.LT.ZqBAR1 GO TO 200 
Z GREATER THAN ZIBAR 
CHS12-0.0 
RETURN 
M I =  ExP( - 2 . 7 7 *  ( ZOL/XLA) ** 23 
AA2=MP(-2. 7 7 * (  (Z-ZOL]/XLA)**2] 
FUNZ=(AA2-AAl]/(l.-AAl) 




IMPLICIT REAL*B(A-H, K, L, 0-21 
COMMOWBLK2/KIl K2, K3, K ~ I  C1,C2, C3, C4, Ql, Q2, A, AD, TAUC 
COMMOWBLK3/B, B2, B3, C, AOO, BOO, EPSNV, OMEGA 
COMMOWBLK4/CHSI 10, CHSI20, ABARO, ZIBAR, LC 
COMMOWBLK?/ABC, COO, CO, OMEG1, P, Rl, R2, TM 
COMMOWBLK B/ZOL, XLA 
REAL K1, K2, K3, K4, LC 
COEFFICIENTS IN THE DIFFERENTIAL EQUATIONS 
OMEGA=OMEGl 
ABARO= 0.0 
ARAFO= START OF ILLUMINATION 




































SUBROUTINE FUN(Z, Y, F) 
IMPLICIT REAL*:B(A-H, K, L, 0-2) 
DIMENSION Y(71, F(7) 
COMMOWBLKl/X7, POWER 
EXTERNAL CHS 11, CHSI 2 
COMMOWBLK2/Kl, K2, K3, K4, C1, C2, C3, C4, Q1, Q2, A, AD, TAUC 
COMMOWBLK3/B, B2, B3, C, AOO, BOO, EPSNU, OMEGA 
COMMOWBLK4/CHSI 10, CHS120, ABARO, ZIBAR, LC 
COMMOWBLK7/ABC, COO, CO, OMEGI, P, Rl, R2, TM 
REAL Kl, K2, K3, K4, LC 




F( 1) = Kl**BxY( 2]*Y ( 51 +KZ*BxY ( 2)*Y( 6) -CHSI 1 (Z)*Y( 1) -K4**BsrY ( 1)*Y ( 23 
F( 2) = CHSI 1 (Z)*Y (1) -Kl*-Y (2)AY ( 5 )  -K2*BxY ( 2) *Y( 6) -2*K3*B*Y( 2) *Y( 2) 
F(3]=K3*a*Y(2]*Y(2]+K4*BxY(l)AY(2] 
Al=Cl*BZ*Y( l]*Y(5)*Y(61 +C2*B2*Y( l]*Y( 6)*Y( 61 +C3*B2*Y(4)*Y( 53*Y(  61 
A2=C4*B2*Y( 4)*Y( 6]*Y( 6) -CHS12(Z)*Y( 4) 
F(4)=Al+A2 
A3=CHSI 1 (Z)*Y (1 ) +CHSI 2 (  Z]*Y( 4 )  -Kl*B*Y( 2) *Y (5) 
A4= -Cl*B2*Y( l]*Y ( 5]*Y( 6) -C3*B2*Y (4) *Y( 5)*Y ( 6) -Ql*D*Y ( 1) *Y( 5) 
A5= -Q2*BY ( 4 3 *Y ( 5) -CAS I &X7STAR*DJ F-A*Y ( 5) -AD*Y ( 5 )  
F( S] =A3+A4+AS 
A6=CHSI 2(Z]*Y( 4 )  +Ql*BY( 1) *Y( 5 )  +Q2*B*Y ( 4) *Y( 5 )  
A~=C*SJGAX~STAR*DIF+A*Y(S)-C~AB~*Y(~]*Y(S)*Y(~) 
-AE*Y(6) 
A9= -2*C4*B2*Y (4)*Y ( 6]*Y( 6) -K2*BxY( 2)*Y ( 6 )  +K4*B*Y ( l)%Y( 2) 
F(6)=A6+A7+A8+A9 
DO 1 0  I=l,6 
F(I)=F(I)/OMEGA 





IMPLICIT REAbB(A-H, K, L, 0-2) 
DIMENSION Y(7) , F( 71, YO(71, X(71 , AAl(71, AA2(7], AA3(71, AA4(7], U( 73 
COMMOWBLKl/X?, POWER 
COMMOWBLK3/B, B2, B3,  C, AOO, BOO, EPSNU, OMEGA 
COMMOWBLK4/CHSIlO, CHSI 20, ABARO, ZIBAR, LC 
COMMOWBLK7/ABC, COO, CO, OMEGI, P, Rl, R2, TM 
REAL Kl, K2, K3, K4, LC 
INTEGRATE SYSTEM FROM Z = O  TO Z=LC USING RUNGE-KUTTA MEXHOD 
CONTINUE 






YO(1) =l. 0 
DO 9 1=2,6 





i c  









I ' 13 
14 
I 18 
GUESS AT INITIAL CONDITIONS FOR X(7) AND X(e] 
X?O= SQRT(RI*COOI 
YO( 7) = X ? W B  
WRITE(6, 1911 
FORMAT(///, T?, lHZ, T20, 4HX( 1) , T32, 4HX( 2) , T45,4HX(31, T57, 4HX(4) , 
CONTINUE 
II=O 
CALL m ( Z 0 ,  YO, F] 
PRINT OUT 
DO 1 0  I = l , ?  
X( I ]  =-Yo( I I 
XB=COO/X(7) 
T69,4HX( 51 , TBO, 4HX( 6) , T91, 4H%( 7) , T103, 4HX( 8 )  1 
WRITE(6, 199]zo, (X(I], I = l ,  7 1 , x a  
FORMAT(lX, E12.5, 8E12.5,E12.S ) 
INTEGRATE USING STEP SIZE H XTIMES THEN PRINT OUT AGAIN 
I I = I I + l  
CALL FUN(Z0, YO, F] 
DO 11 1=1,7 
AAl(I)=R*F(I) 
DO 12 I = l , ?  
U( I ]  =YO( I) + .  S*AAl( I] 
Z1=24+. 5*H 
CALL FWN(Z1, U, F) 
DO 13 l=l,7 
AA2( I] =R*F( I] 
DO 14 I = l , 7  
U( I]=YO( I ) + .  5*AA2( 13 
CALL FWN(Z1, U, F) 
DO 15 I = l , 7  
Zl=ZO+H 
DO 16 1=1,7 
U( I 1 =YO( I 1 +AA3 ( I ) 
CALL FUN(Z1, U, F) 
DO 17 I = 1 , ?  
AA4 ( I ) =H% F( I ) 
DO 18 I=l,? 













UPDATE Z 0 , Y O  VALUES 
zo= z 
DO 19 l=l,7 
YO( I) =Y( I) 
IF(II.GE.NPRINT)GO TO 200 
GO TO 100 
CONTINUE 
X( 7) = B*YO( 7) 
X8=COWX(7) 
IF( (ZO+. %HI. GE. LC] GO TO 500 
GO TO 300 
CONTINUE 
CALL FWN(Z0, YO, F] 
DO 110 l=1,7 
X( I) =-Yo( I) 
xx7L= BxY ( 7) 
X8=COWX( 7) 
RHOPL=X70/SQRT( Rl*Ri?) 
RHOPL=RHO-PLUS AT Z=L THEORETICAL VALUE 
XX7L= CALCULATED VALUE OF RHO-PLUS AT Z= L 
ABC=DIFFERENCE=XX7L-RHOPL 
DI F= ( ( (XX7L-RHOPL) /RHOPL) 100) 
ABC=DIF 
WRITE( 6, 202)DIF, RHOPL, XX7L, COO 
FORMAT(lX, 13HDIFFERENCE = , E18.9, 2X, 12KTHEORETICAL=, E 1 8  
CALL OUTPUT(YO(7) , ZO] 
RETURN 
END 
1 10H ACTUAL = , E18.9, 2X, 6HCOO = , E18.8 ) 
9, 2x, 
SUBROUTINE OmPWT(YY, 221 
COMMON/BLK3/Bl B2, B3, C, AOO, BOO, EPSNU, OMEGA 
COMMOWBLK4/CHSI 10, CHSI 20, ABARO, ZIBAR, LC 




WRITE( 6, 1931R1, R2, POWER, TM, 22 
FORMAT(lX, 5HR1 = , F10.7, lX, 5HR2 = , FlO. 7, lX, 7HPOWER 2 , E18.10, 
RETURN 
END 
1 l X , 5 R T M  = ,FlO.8,lX,4HL = ,Fl5.7 1 
